A low level of high-density lipoprotein (HDL) cholesterol is a major independent risk factor for atherosclerotic cardiovascular disease. 1 However, in randomized, controlled trials, high-dose niacin or inhibitors of cholesteryl ester transfer protein did not improve cardiovascular outcomes despite significantly increasing the HDL cholesterol level. [2] [3] [4] [5] Furthermore, genetic variants associated with HDL cholesterol levels are often not associated with cardiovascular disease. 6 These observations suggest that HDL cholesterol may not be causally associated with cardiovascular disease, and they highlight the potential limitations of using the HDL cholesterol level to assess risk or responses to therapies targeted at HDL cholesterol.
HDL has numerous antiatherosclerotic actions that are not readily reflected by HDL cholesterol levels. 7 A key function of HDL is to promote reverse cholesterol transport from the periphery to the liver, and the critical initial step in reverse cholesterol transport is cholesterol efflux from macrophages to HDL. 8 Macrophage-specific cholesterol efflux capacity has been directly and causally linked to the prevention of atherosclerosis in animal models. 8 The ability to assess the clinical relevance of reverse cholesterol transport in humans has been limited thus far. Recently, however, strategies to measure cholesterol efflux capacity have been used successfully in clinical studies, revealing inverse correlations between cholesterol efflux capacity and prevalent coronary artery disease, independently of the HDL cholesterol level. 9,10 It is not known whether cholesterol efflux capacity is associated with incident cardiovascular events (i.e., events occurring after time of sample collection) in unselected persons from the population. It is also not known whether sex, race, adiposity, relative insulin sensitivity or resistance, or inflammation influences cholesterol efflux capacity. In a large, unselected, probability-based population cohort free from clinical cardiovascular disease at baseline, we investigated the epidemiology of cholesterol efflux capacity and evaluated the association of cholesterol efflux capacity with incident cardiovascular outcomes.
ME THODS

STUDY DESIGN
The Dallas Heart Study is a multiethnic, population-based cohort study that includes residents of Dallas County. 11 This random probability sample includes intentional oversampling of black persons to make up 50% of the cohort. Participants 30 to 65 years of age underwent fasting blood and urine collection as well as dual-energy x-ray absorptiometry to assess body composition, detailed cardiovascular phenotyping by means of 
ASSESSMENT OF LIPID VARIABLES AND EFFLUX CAPACITY
Blood collected from all the participants at baseline by means of venipuncture was placed into EDTA tubes, stored at 4°C for less than 4 hours, and centrifuged, and plasma was removed and stored at −70°C. Plasma lipids, including HDL cholesterol, were measured as described previously. 11 HDL particle concentration and size were measured by means of nuclear magnetic resonance spectroscopy (LipoScience). Cholesterol efflux capacity was assessed by measuring the efflux of fluorescence-labeled cholesterol from J774 macrophages to apolipoprotein B-depleted plasma in study participants with the use of a previously described method. 12 This assay primarily evaluates cholesterol efflux as mediated by ATP-binding cassette transporter A1 (ABCA1). The fluorescence-labeled reagent, termed boron dipyrromethene difluoride (BODIPY) cholesterol, was used because it is more amenable to use in a large number of samples than radiolabeled cholesterol (details of the assay protocol are provided in the Supplementary Appendix). For comparison, we performed a parallel assessment of efflux capacity with the use of radiolabeled cholesterol in a limited number of plasma samples. 9 Cholesterol efflux capacity measured with the use of fluorescence-labeled cholesterol was moderately correlated with measurements performed with radiolabeled cholesterol (correlation coefficient for normalized cholesterol efflux, 0.54) (Fig. S1 in the Supplementary Appendix). The cholesterol efflux capacity did not change significantly when it was measured in samples obtained throughout a single day or 7 days apart (Fig. S2 in the Supplementary Appendix) or when samples underwent a freeze-thaw cycle ( Fig. S3A and S3B in the Supplementary Appendix). However, as compared with 3-to-12-month storage at −70°C, parallel storage of plasma at −20°C reduced cholesterol efflux capacity measured with the use of either fluorescence-labeled cholesterol or radiolabeled cholesterol (Fig. S3C and S3D in the Supplementary Appendix). Measurements of cholesterol efflux capacity in this study were therefore performed with the use of the fluorescence-labeled cholesterol assay on plasma samples stored at −70°C.
CLINICAL END POINTS
The primary end point was a composite atherosclerotic cardiovascular disease outcome, defined as a first nonfatal myocardial infarction, nonfatal stroke, or coronary revascularization (percutaneous coronary intervention or coronary-artery bypass grafting) or death from cardiovascular causes. A secondary end point, total cardiovascular disease, was defined as all the events included in the primary end point plus peripheral revascularization and hospitalization for heart failure or atrial fibrillation. All the end points were adjudicated by two cardiologists who were unaware of the measurements of cholesterol efflux capacity. 13 The National Death Index was used to determine vital status for all the participants through December 31, 2010. Death from cardiovascular causes was defined according to the International Classification of Diseases, 10th Revision, codes I00 to I99.
STUDY OVERSIGHT
The first author designed the study, gathered the data with two of the coauthors, and analyzed the data with another author. The first author and the last two authors wrote the manuscript with contributions from all the authors, and the first author made the decision to submit it for publication. All the authors vouch for the data and analyses reported. Merck Sharp & Dohme, which provided partial support for the study, had no role in the design of the study, in the collection or analysis of the data, in the writing of the manuscript, or in the decision to submit the manuscript for publication.
Written informed consent was obtained from all the participants. The protocol for this study was approved by the institutional review board at the University of Texas Southwestern Medical Center.
STATISTICAL ANALYSIS
Demographic and clinical variables were compared across quartiles of cholesterol efflux capacity with the use of the Jonckheere-Terpstra trend test. Cholesterol efflux capacity was compared across sex-specific and race-specific categories with the use of the Wilcoxon rank-sum test. Correlations with continuous markers were assessed with the use of nonparametric Spearman coefficients. The association between cholesterol efflux capacity and prevalent coronary-artery calcium (CAC) was assessed in logistic-regression models. Prevalent CAC was defined as a CAC value of 10 Agatston units or more and in linear regression models with the use of log(CAC+1). 14 Cox proportional-hazards models were used to assess the association between cholesterol efflux capacity and the time to a first event for both atherosclerotic cardiovascular disease (the primary end point) and total cardiovascular disease (the secondary end point). Multivariable models included age, sex, race, presence or absence of diabetes, presence or absence of hypertension, status with regard to current smoking, bodymass index, total cholesterol level, log-transformed triglyceride level, and status with regard to a history of statin use. Serial adjustments were made for the HDL cholesterol level and HDL particle concentration. The prespecified analyses calculated the hazard of cardiovascular events associated with increasing sex-specific and racespecific quartiles of cholesterol efflux capacity. The proportional-hazards assumption was met for all models.
The contribution of cholesterol efflux capacity, over and above that of traditional risk factors, in the prediction of cardiovascular events was analyzed with the use of multiple metrics of biomarker performance, 15 including discrimination (Harrell's C-statistic), 16 calibration (Hosmer-Lemeshow test), and reclassification (integrated-discrimination-improvement index 17 and net reclassification index 18 ). Sensitivity analyses were performed by analyzing cholesterol efflux capacity as a continuous variable; by investigating the association of cholesterol efflux capacity with each component of the primary end point separately; by using a hard cardiovascular outcome, defined as nonfatal myocardial infarction, nonfatal stroke, or death from myocardial infarction or stroke; and by eliminating exclusion criteria and including all the participants in the Dallas Heart Study in the analyses of the primary and secondary outcomes.
Two-sided P values of 0.05 or less were considered to indicate statistical significance. All statistical analyses were performed with the use of SAS software, version 9.3 (SAS Institute). 
R ESULT S
STUDY PARTICIPANTS
A total of 2971 persons underwent phenotyping by means of blood testing and imaging, of whom 2924 were included in the analysis of baseline characteristics. Of these 2924 participants, 161 had missing covariates and another 347 had incomplete follow-up for nonfatal end points, leaving 2416 participants to be included in the analysis of cardiovascular outcomes. The median age of the participants at study entry was 42 years. A total of 57% of the participants were women, and 49% were black (Table 1). A low level of HDL cholesterol was present in 46% of the women (HDL cholesterol level, <50 mg per deciliter [1.30 mmol per liter]) and in 35% of the men (HDL cholesterol level, <40 mg per deciliter [1.05 mmol per liter]). As expected, the HDL cholesterol level was significantly higher in women than in men and significantly higher in blacks than in nonblacks (Table S1 in the Supplementary Appendix). The HDL particle concentration was significantly higher in women than in men and was similar in blacks and nonblacks.
ASSOCIATION OF EFFLUX CAPACITY WITH CARDIOVASCULAR RISK FACTORS AND SUBCLINICAL ATHEROSCLEROSIS
Increasing quartiles of cholesterol efflux capacity were not correlated with, or were only weakly correlated with, traditional cardiovascular risk factors other than lipid levels (Table 1) . Traditional risk factors as well as self-reported weekly exercise activity and alcohol intake explained only 3% of the variance in cholesterol efflux capacity versus 35% of the variance in the HDL cholesterol level (Table S2 in the Supplementary Appendix). Cholesterol efflux capacity was similar in women and men but was significantly lower in blacks than in nonblacks (Table S1 in the Supplementary Appendix).
Correlations of cholesterol efflux capacity, HDL cholesterol level, and the HDL particle concentration with other lipoprotein-related variables, measures of adiposity and insulin resistance, and inflammatory markers are shown in Hazard ratios and 95% confidence intervals (CIs), derived from Cox proportional-hazards models, are shown for the comparisons of quartile 4 (highest) with quartile 1 (lowest) of cholesterol efflux capacity. A total of 132 participants had a primary end-point event of atherosclerotic cardiovascular disease, defined as a first nonfatal myocardial infarction, nonfatal stroke, or coronary revascularization (percutaneous coronary intervention or coronary-artery bypass grafting) or death from cardiovascular causes. Traditional risk factors included age, sex, race, presence or absence of diabetes, presence or absence of hypertension, status with regard to current smoking, body-mass index, total cholesterol level, log-transformed triglyceride level, and status with regard to a history of statin use. Table 2 . HDL cholesterol level had a strong positive correlation with several of these factors and had an inverse correlation with several others. In contrast, there was only a modest correlation between cholesterol efflux capacity and most of these variables. Cholesterol efflux capacity was also not associated with prevalent coronary-artery calcium (Table 1) .
The New England
ASSOCIATION OF EFFLUX CAPACITY WITH CARDIOVASCULAR EVENTS
Among the 2416 participants with complete follow-up data, 132 had a primary atherosclerotic cardiovascular disease event during the median follow-up period of 9.4 years. Although there was a trend toward an inverse association of HDL cholesterol level with atherosclerotic cardiovascular disease in unadjusted models, it was diminished after adjustment for cardiovascular risk factors, and it was further attenuated with adjustment for HDL particle concentration (Fig. 1) . HDL particle concentration was inversely associated with the primary end point of atherosclerotic cardiovascular disease in models adjusted for cardiovascular risk factors and HDL cholesterol level (adjusted hazard ratio for the fourth vs. first quartile of HDL particle concentration, 0.53; 95% confidence interval [CI], 0.31 to 0.89). * Data are hazard ratios and 95% confidence intervals for the cholesterol efflux capacity in quartile 4 (highest quartile) as compared with quartile 1 (lowest quartile) for the listed end points, obtained from Cox proportional-hazards models. Atherosclerotic cardiovascular disease was defined as the composite of a first nonfatal myocardial infarction, nonfatal stroke, or coronary revascularization (percutaneous coronary intervention or coronary-artery bypass grafting) or death from cardiovascular causes. Total cardiovascular disease was defined as the composite of the end points related to atherosclerotic cardiovascular disease and peripheral revascularization or hospitalization for heart failure or atrial fibrillation. Hard atherosclerotic cardiovascular disease was defined as the composite of fatal or nonfatal myocardial infarction or stroke. † The hazard ratio was adjusted for age, sex, race, presence or absence of diabetes, presence or absence of hypertension, status with regard to current smoking, body-mass index, total cholesterol level, log-transformed triglyceride level, status with regard to a history of statin use, HDL cholesterol level, and HDL particle concentration. ‡ The components of the primary composite end point are summarized as mutually exclusive components without hazard ratios or confidence intervals, since these components do not represent true event rates. Total numbers of patients with these end-point events are also shown as secondary end points with hazard ratios and confidence intervals. There was a graded inverse association between increasing quartiles of cholesterol efflux capacity and the primary end point of atherosclerotic cardiovascular disease (hazard ratio for the fourth vs. first quartile of cholesterol efflux capacity, 0.44; 95% CI, 0.27 to 0.73) ( Table 3 and Fig. 2A) . Adjustment for traditional risk factors, HDL cholesterol level, and HDL particle concentration did not attenuate the association (hazard ratio, 0.33; 95% CI, 0.19 to 0.55) ( Table 3 and Fig. 1 ). Similar findings were obtained for the secondary end point of total cardiovascular disease (Table 3 and Fig. 2B ). The hazard ratios were directionally consistent across all individual components of the composite primary end point, except for death from cardiovascular causes ( Table 3 ). In well-calibrated models, the addition of cholesterol efflux capacity to traditional risk factors was associated with an improvement in all the risk-prediction indexes for the primary end point, including the C-statistic (from 0.827 to 0.841, P = 0.02), the integrated-discriminationimprovement index (0.02, P<0.001), and the net reclassification index (0.37; 95% CI, 0.18 to 0.56).
Sensitivity analyses modeling cholesterol efflux capacity as a continuous measure yielded consistent findings (fully adjusted hazard ratio for atherosclerotic cardiovascular disease per 1-SD increase in efflux capacity, 0.68 [95% CI, 0.55 to 0.84]; fully adjusted hazard ratio for total cardiovascular disease per 1-SD increase in efflux capacity, 0.79 [95% CI, 0.67 to 0.94]) (Table  S3 in the Supplementary Appendix). Analyses that restricted the end point to the hard cardiovascular outcomes of nonfatal and fatal myocardial infarction and stroke did not alter the findings (Table 3 , and Fig. S4 in the Supplementary Appendix). Eliminating all the exclusion criteria and including all the participants in the Dallas Heart Study, with adjustment for history of cardiovascular disease in the multivariable analyses, also did not alter the findings (data not shown).
There were no interactions according to age, sex, or race for the association between cholesterol efflux capacity and the primary end point of atherosclerotic cardiovascular disease (P>0.10 for interaction in all cases) (Fig. S5 in the Supplementary Appendix). Subgroup analyses that were stratified according to cardiovascular risk (with the use of the pooled-cohort equations from the 2013 cholesterol guidelines of the American College of Cardiology-American Heart Association) 1 showed consistent findings across the risk strata, with relative hazards of the primary end point of atherosclerotic cardiovascular disease (for the fourth vs. the first quartile of cholesterol efflux capacity) of 0.25 (95% CI, 0.09 to 0.69) in the low-risk cohort (estimated 10-year risk, <7.5%) and 0.36 (95% CI, 0.19 to 0.69) in the high-risk cohort (estimated 10-year risk, ≥7.5 (P = 0.83 for interaction).
DISCUSSION
In this study, we found that a functional property of HDL, namely cholesterol efflux capacity, was inversely associated with incident atherosclerotic cardiovascular disease in a population-based cohort free from cardiovascular disease at baseline. This association persisted after multivariate adjustment, suggesting that HDL function is associated with cardiovascular risk by means of processes distinct from those reflected by the HDL cholesterol level, HDL particle concentration, or traditional cardiovascular risk factors.
Reverse cholesterol transport, a process by which cholesterol is transferred from peripheral tissues and cells to the liver for biliary secretion, Kaplan-Meier curves and hazard ratios and 95% confidence intervals are shown for quartiles (Q1 through Q4) of cholesterol efflux capacity, with the use of quartile 1 (lowest cholesterol efflux capacity) as the reference, derived from Cox proportional-hazards models. Each quartile had equal numbers of men and women, and equal numbers of blacks and nonblacks. A total of 132 participants had a primary end-point event of atherosclerotic cardiovascular disease (Panel A), and 172 had a secondary end-point event of total cardiovascular disease (Panel B). Total cardiovascular disease was defined as the composite of the end points related to atherosclerotic cardiovascular disease and peripheral revascularization or hospitalization for heart failure or atrial fibrillation. Adjusted models included traditional risk factors for atherosclerotic cardiovascular disease, HDL cholesterol level, and HDL particle concentration. The insets show the same data on enlarged y axes.
The is believed to contribute to protection from atherosclerosis. 19 In previous studies, reduced cholesterol efflux capacity has been correlated with prevalent coronary artery disease. 9,10 However, the crosssectional design of these studies does not allow for the determination of the relationship between the baseline HDL function and the development of cardiovascular disease. One recent study involving participants recruited from a cardiac catheterization laboratory suggested a positive, rather than inverse, association between cholesterol efflux capacity at the time of catheterization and prospective cardiovascular events, 10 but the interpretation of these findings is complicated by the use of a convenience population in that study, which included participants with prevalent cardiovascular disease (indexevent bias). 24 In our study, there was little or no correlation between cholesterol efflux capacity and most traditional cardiovascular risk factors, CAC, or markers of inflammation. We also found that whereas a low level of HDL cholesterol was associated with indexes of adiposity and insulin resistance, mirroring prior findings, 25 there was no relationship between measures of adiposity or insulin resistance and cholesterol efflux capacity. This suggests that the processes that govern cholesterol efflux capacity are independent of those underlying the link between adiposity or insulin resistance and HDL cholesterol level. This finding may be due to the young age of our study sample (median age, 42 years) and the exclusion of participants with cardiovascular disease, or it may indicate that cholesterol efflux capacity reflects a biologic process not captured by traditional risk factors.
Our use of fluorescence-labeled cholesterol, which primarily measures ABCA1-mediated efflux, 12 provided the ability to perform highthroughput measurements at low cost without the need for a radioisotope. Studies in animals suggest that ABCA1-mediated efflux is an important mode of efflux by which the severity of atherosclerosis is modulated. 8, 26, 27 In addition, in humans with similar levels of HDL cholesterol, differences in macrophage-specific cholesterol efflux are due only to ABCA1-mediated efflux, not to other transporters. 28 Thus, it is plausible that the examination of ABCA1-mediated efflux with the use of fluorescence-labeled cholesterol provides a selective assessment of the mode of efflux of greatest relevance in assessing the severity of atherosclerosis and its clinical consequences. However, there is no established standard for the measurement of macrophagespecific cholesterol efflux capacity, and there is greater experience with assessment by means of radiolabeled cholesterol than by means of fluorescence-labeled cholesterol.
Several limitations of our study merit comment. First, our cohort was relatively young and at low overall cardiovascular risk, characteristics that accounted for the modest number of first events of atherosclerotic cardiovascular disease. Second, the race and ethnic-group distribution of our study sample, with oversampling of blacks, does not reflect the general population distribution. Third, the levels of HDL cholesterol in our study sample were mostly within the normal range, so the data are not informative for persons with a high or a low HDL cholesterol level. Finally, measurements of apolipoprotein A-I were not available for correlation with cholesterol efflux capacity.
In conclusion, we found that cholesterol efflux capacity was inversely associated with incident atherosclerotic cardiovascular disease in a population-based cohort that was free from cardiovascular disease at baseline. This association persisted after adjustment for traditional cardiovascular risk factors, HDL cholesterol level, and HDL particle concentration. Institutes of Health (NIH), the American Heart Association, or Merck Sharp & Dohme. Disclosure forms provided by the authors are available with the full text of this article at NEJM.org.
Supported by grants from the Donald W. Reynolds Foundation, the National Center for Advancing Translational Sciences of the NIH (UL1TR001105), the NHLBI (K08HL1813), and the
